Identifying the molecular basis of reproductive isolation among diverging lineages represents an essential step toward understanding speciation in natural populations. Postzygotic barriers can lead to hybrid breakdown, a syndrome that has been documented in several systems, potentially involving the reactivation of transposable elements. In northeastern North America, two lake whitefish lineages have repeatedly colonized postglacial lakes~12,000 years ago, and a dwarf limnetic species has evolved multiple times from the normal benthic species. Reproductive isolation is incomplete between them; viable hybrids can be generated in the laboratory but significant mortality occurs and is associated with a malformed phenotype in backcross embryos, thus revealing a hybrid breakdown syndrome. By means of RNA-seq analyses, the objective of this study was to determine which genes were misregulated in hybrids and rigorously test the hypothesis of transposable element reactivation. We compared the transcriptomic landscape in pure embryos, F1-hybrids, and healthy and malformed backcrosses at the late embryonic stage. Extensive expression differences consistent with previously documented adaptive divergence between pure normal and dwarf embryos were identified for the first time. Pronounced transcriptome-wide deregulation in malformed backcrosses was observed, with over 15% of transcripts differentially expressed in all comparisons, compared with 1.5% between pure parental forms. Convincing evidence of transposable elements and noncoding transcripts reactivation in malformed backcrosses is presented. We propose that hybrid breakdown likely results from extensive genomic incompatibilities, plausibly encompassing transposable elements. Combined with previous studies, these results reveal synergy among many reproductive barriers, thus maintaining divergence between these two young whitefish species.
Introduction
Biodiversity is generated and maintained in different geographical settings through the process of speciation. In recent years, considerable efforts have been deployed toward the understanding of ecological sympatric speciation, a particular case of speciation where populations diverge, while still potentially freely interbreeding (Rundle and Nosil 2005; Schluter 2009; Nosil 2012) . At the other end of the continuum, allopatric speciation occurs when populations diverge while geographically separated and is considered by modern evolutionary biologists to be the null hypothesis for speciation (Coyne and Orr 2004) . Theory describes well the buildup and maintenance of accumulated divergence, with the BatesonDobzhansky-Muller (BDM) model of genetic incompatibilities at the heart of the process. Still, little is known about the specific molecular targets most likely maintaining "young" diverging lineages apart following secondary contact in natural populations, the "ultimate test" of allopatric speciation (Coyne and Orr 2004) . Hence, key questions regarding the number and type of genes most likely to be involved in the speciation process remain. Accordingly, a better understanding of the mechanisms underlying recent speciation events are needed, especially in natural populations (Nosil and Schluter 2011; Marie Curie SPECIATION Network 2012) .
Classically, reproductive barriers have been divided into pre-and postzygotic. Intrinsic postzygotic barriers, as described by the BDM model of genetic incompatibilities, result in hybrid sterility or inviability. These incompatibilities arise from accumulated genetic divergence, either neutral (Lynch 2007) or adaptive (Rundle and Nosil 2005) . When secondary contact occurs, recombination can disrupt coadapted alleles occurring in parental forms and, according to the BDM model of genetic incompatibilities, this can lead to a breakdown of epistatic interactions, particularly so in post-F1-hybrid generations. Ultimately, this may results in strong postzygotic intrinsic reproductive barriers (Dobzhansky 1937; Muller 1942; Coyne and Orr 2004) . Clearly, determining the genetic basis of intrinsic postzygotic reproductive barriers will help unravel how biodiversity is maintained as such barriers invariably prevent further gene flow among lineages and thus complete the speciation process (Muller 1939; Muller 1942) . The best-documented examples of the molecular mechanisms underlying postreproductive barriers mostly involve one or ß The Author 2014. Published by Oxford University Press on behalf of the Society for Molecular Biology and Evolution. All rights reserved. For permissions, please e-mail: journals.permissions@oup.com a few genes in "old" species (i.e., several hundreds of thousands to a few millions of years), where speciation is nearly complete (Wittbrodt et al. 1989; Schartl et al. 1994; Barbash et al. 2003; Presgraves et al. 2003 ; but see Christie and Macnair 1984; Wright et al. 2013) . Moreover, the combined action of time and linkage disequilibrium may eventually hinder the discovery of the causative mutations and associated postzygotic barriers (Via and West 2008) . Therefore, investigating the molecular mechanisms underlying reproductive isolation in recently diverged natural populations may provide a better comprehension of the speciation process.
Recent work has provided evidence regarding the role of gene regulatory networks, epigenetics, and transposable elements in speciation, leading to a broader interpretation of the BDM model (reviewed in Abbott et al. 2013 ). In particular, numerous studies have suggested a crucial role for transposable elements in speciation (Rieseberg et al. 1995; O'Neill and Graves 1998; Labrador et al. 1999; Ungerer et al. 2006; Symonová et al. 2013) . These studies generally support McClintock's hypothesis of a "genomic shock," which posits that transposable elements reactivation in hybrids results from the stress triggered by the admixture of two diverged genomes in a single individual (McClintock 1984) . Early studies in Drosophila melanogaster have shown that a DNA transposon (P element) can lead to sterility in F1-progeny of dysgenic crosses (Kidwell et al. 1977; Rubin et al. 1982) , likely as a result of the reactivation of multiple types of transposable elements (Khurana et al. 2011) . Similarly, a recent study has shown the transcriptional reactivation of transposable elements in interspecific Drosophila hybrids (Kelleher et al. 2012) . In marsupials, amplification of retroelements has been associated with genome-wide under-methylation and chromosome remodeling in hybrids (O'Neill and Graves 1998). Hence, evidence supporting the hypothesis that transposable element reactivation represents an important genetic mechanism underlying postzygotic hybridization barrier is rapidly mounting.
Lake whitefish represents an excellent model to study early postzygotic barriers because reproductive isolation is recent and remains incomplete in many populations. Natural populations from northeastern North America experienced a recent allopatric period during the Pleistocene glaciation (~60,000 years BP), followed by secondary contact in newly formed lakes once the ice sheet retreated Jacobsen et al. 2012) . Lakes from the St. John River basin (Maine, USA and Québec, Canada) were colonized by two glacial lineages, so-called Atlantic and Acadian, the former evolving rapidly and repeatedly into a dwarf limnetic species from the normal benthic species (Pigeon et al. 1997) . Early transcriptomic studies using heterologous cDNA microarrays have documented gene expression divergence linked to phenotypic divergence between dwarf and normal whitefish, both at the juvenile and adult stage, yet not at the embryonic one (Derome et al. 2006; St-Cyr et al. 2008; Whiteley et al. 2008; Nolte et al. 2009; Renaut et al. 2009; Jeukens et al. 2010) . Given that hybrids can be generated and maintained under laboratory conditions, earlier studies have found strong postzygotic barriers between dwarf and normal whitefish, including an increased mortality of hybrid embryos, patterns of transgressive segregation comprising incoherent hybrid hatching times, as well as signs of segregation distortion in backcrosses, suggestive of BDM incompatibilities (Lu and Bernatchez 1998; Rogers and Bernatchez 2006; Rogers and Bernatchez 2007; Renaut et al. 2009; Renaut and Bernatchez 2011; Gagnaire et al. 2013) . A proportion of backcross embryos (30-50% depending on crosses) has also been characterized by a unique malformed phenotype and displays extensive gene expression variance and underexpression of essential development genes (Renaut and Bernatchez 2011) . Altogether, these observations suggest extensive genomic incompatibilities between normal and dwarf whitefish.
In the current study, the molecular phenotype of malformed backcross embryos was further characterized to disentangle the molecular mechanisms underlying post-zygotic hybrid incompatibilities. It was hypothesized that transposable elements would be reactivated in malformed backcross embryos and would be accompanied by the downregulation of key metabolic pathways in response to genomic stress. To test this hypothesis, gene expression was measured by means of RNA-sequencing in pure, F1-hybrids, healthy backcross, and malformed backcross embryos. Our results suggest a severe genomic shock involving transposable elements reactivation in the hybrid progeny, despite the very young age of these incipient species.
Results

Transcriptome Sequencing and Assembly
A total of 1.26 Â 10 9 100-bp paired-end reads were sequenced, totalizing 1.26 Â 10 11 nucleotides. On average, 5.24 Â 10 7 ± 6.23 Â 10 6 paired-end reads were sequenced per library. Filtered individual reads (9.30 Â 10 8 remaining reads) were assembled into 77,697 contigs with a minimum size of 200 bp using ABySS first for each library, then all libraries together, and finally with CLC genomics workbench (0.7 overlap, 98% similarity). The final transcriptome also included 1,350 contigs smaller than 200 bp and annotated as transposable elements, for a total of 79,047 contigs (total assembly size: 67,143,916 bp). This corresponds to roughly 2% of the expected whitefish genome size (3 Gb, Booke 1968; Hardie and Hebert 2003) . The smallest contig was 94 bp and the largest 10,610 bp, with an average size of 565 bp and a median of 849 bp. A Blast of the assembled transcriptome against itself (BlastN, % identity >96%, overlap >100 bp) gave very few hits (n = 5,907), suggesting the assembly of numerous alternative transcripts, closely related paralog assembly, splitting of exons, or more likely a combination of the three.
Transcriptome Annotation
Approximately half of the contigs (n = 36,395, 46%) were successfully annotated by TBlastX ( fig. 1 ). Among these annotations, 21,180 were unique (57.3%), consistent with the assembly of alternative transcripts, exon splitting, or closely related paralogs. An open reading frame (ORF) of size !300 bp was found for 71.3% of the contigs in the annotated portion (27,546 contigs out of 36,395), whereas an ORF was found for only 19.6% of the unannotated portion (7,917 contigs out of 42,652). Hence, contigs for which we found no TBlastX hit and no ORF ! 300 bp were annotated as "putatively noncoding" transcripts.
Annotations in figure 2 show that expressed transposable elements are largely composed of DNA transposons (n = 2,122, 72%) relative to retrotransposons (n = 823, 28%). Among transposable element superfamilies, the Mariner/Tc1 DNA transposons were the most prevalent (n = 2,003, 68%). The second most abundant are gypsy elements (n = 205, 7.0%), a class of LTR retrotransposons, followed by CR1 (n = 190, 6.5%), which are non-LTR retrotransposons. Other superfamilies (n = 550, 18.7%) individually account for less than 5% of the annotated expressed transposable elements.
Transcriptional Divergence between Pure Normal and Dwarf Embryos
To provide an overview of the transcriptomic landscape and reduce the number of dimensions of this large data set, a principal component analysis (PCA) was performed with the prcomp function in the R environment, based on normalized read counts obtained from edgeR. While normal and dwarf replicates closely cluster on the two first PCs ( fig. 3a) , PC3 shows that the dwarf transcriptomes form a distinct and more cohesive group as compared with the normal transcriptomes ( fig. 3b ). However, PC3 explained a relatively small proportion of the overall variance found in the data set (<7.5%). Table 1 provides a summary of the number of differentially expressed transcripts between all groups for all contigs (below diagonal) and transposable elements (TE, above diagonal). Briefly, 1,166 transcripts were differentially expressed between dwarf and normal whitefish embryos, including 314 by at least 
Gene Expression in Healthy Hybrids
As depicted in figure 3a, PC1 did not differentiate F1-hybrids and healthy backcrosses from pure embryos. However, healthy backcrosses displayed extensive transcriptional variability, comprising a range of expression largely outside the scope of the pure embryos on PC2. Also, PC3 showed that both F1-hybrids and healthy backcrosses were more similar to normal than dwarf embryos, possibly reflecting maternal effects (see Discussion). Differential expression analysis confirmed observations based on PCA. More transcripts were differentially expressed in F1-hybrids when compared to dwarfs (n = 653) than to normals (n = 108). Similarly, healthy backcrosses had more differentially expressed transcripts when compared to dwarf (n = 967) than to normal (n = 248).
Transcriptome-Wide Deregulation in Malformed Backcrosses
As shown in figure 3a, PC1 clearly distinguishes malformed backcrosses from all other healthy embryos. In addition, malformed backcrosses show pronounced heterogeneity among replicates relative to other cross types. A large number of transcripts were differentially expressed in malformed backcrosses compared with pure crosses, ranging from 17.5% (n = 13,217, compared with normal) to 21.0% (n = 15,815, compared with dwarf) of the expressed transcripts. The proportions of overexpressed and underexpressed transcripts in malformed backcrosses are presented in table 3. The "all contigs" column shows that the proportion of over-vs. underexpressed transcripts does not significantly differ from a 1:1 ratio in all comparisons. Among overexpressed transcripts in malformed backcrosses relative to all other groups ("Common" column, n = 4,379), 25 enriched GO terms were found, most of which grouped into broader categories defined as protein synthesis, inflammatory response, and stress response (supplementary table S1, Supplementary Material online). In addition, enzymes from core metabolic pathways were downregulated in malformed embryos. For example, many downregulated enzymes were found in the carbohydrate metabolism pathway (supplementary fig. S5 , Supplementary Material online). Similar trends of downregulation of housekeeping metabolic pathways were also observed for the TCA cycle, oxidative phosphorylation, fatty acid elongation, and purine and pyrimidine metabolism (supplementary figs. S6-S10, Supplementary Material online). and P = 0.0033, respectively, Fisher's exact test) ( fig. 4 ). Similarly to transposable elements, putatively noncoding RNA displayed a highly significant excess of overexpression in malformed backcrosses, again with an approximate 2:1 expression ratio compared with all other cross types (table  3) . Finally, a contig homologous to the DNA methyltransferase DNMT1 was significantly underexpressed in malformed backcrosses in all comparisons (fold change [FC] = 0.43, 0.40, 0.41, and 0.43 vs. normal, dwarf, F1-hybrids, and healthy backcrosses, respectively; all false discovery rates [FDRs] 0.00001). This gene is of particular interest because it has been shown to be involved in the transcriptional repression of transposable elements (see Discussion).
Discussion
The goal of this study was to identify the transcriptional mechanisms underlying the genomic shock previously described in hybrids of dwarf and normal whitefish. Specifically, we tested the hypothesis that transposable elements reactivation may be linked to the genomic shock observed in malformed backcross embryos. Key transcriptional differences were identified between normal and dwarf embryos, consistent with well-described phenotypes in adult normal and dwarf whitefish. Transcriptome-wide deregulation observed in malformed backcross embryos was associated with a shutdown of core metabolic pathways. In particular, observations supporting transposable elements and noncoding transcripts reactivation in malformed backcrosses are presented, giving a new angle to our understanding of the genetic mechanisms underlying postzygotic barriers in lake whitefish.
Transcriptome Assembly and Annotation
We assembled the most comprehensive and complete transcriptome published to date for a coregonid species Renaut et al. 2010) , providing a useful tool to the salmonids research community. The number of contigs assembled was relatively high (n = 79,047), which can be explained in several ways. First, all individuals were used to assemble the reference transcriptome, including hybrids, in order to consider "biologically aberrant" transcripts that may be expressed only in hybrids. In addition, salmonids are pseudo-tetraploids, having undergone a recent wholegenome duplication (~60 Ma; Crête-Lafrenière et al. 2012), potentially increasing the number of assembled contigs. Evidence also suggests exon splitting among assembled contigs (data not shown), but investigating the details of this phenomenon was beyond the scope of the current study. Considering the difficulties regarding gDNA assembly with next-generation DNA sequencing data encountered in whitefish and also another salmonids (Quinn et al. 2008; Hebert et al. 2013) , we believe our assembly efforts are satisfactory for the questions being addressed here.
Noncoding transcripts can account for up to ±50% of the polyadenylated fraction of the transcriptome in wellannotated species such as human and yeast (Nagalakshmi et al. 2008; Djebali et al. 2012) . Here, putatively noncoding transcripts accounted for 43.9% of the assembled contigs. This suggests that the vast majority of the contigs in the unannotated portion are indeed noncoding RNAs and reflects substantial expression of noncoding RNAs, as previously found in different model species (Clark et al. 2011 ).
Transcriptional and Regulatory Divergence between Dwarf and Normal Whitefish Embryos
We present the first significant transcriptional differences between dwarf and normal whitefish embryos. Specifically, we found that about 1.5% of the transcriptome was differentially expressed (n = 1,166), consistent with regulatory divergence between these young species very early in their ontogeny. In contrast, previous work using heterologous microarrays developed for Atlantic salmon (Salmo salar) identified few differentially expressed genes between normal and dwarf embryos , n = 5; Renaut and Bernatchez 2011, n = 2).
In a study comparing RNA-sequencing to gene expression arrays in human, Marioni et al. (2008) detected more differentially expressed transcripts by RNA-seq than microarrays (but see Kogenaru et al. 2012) . Hence, the discrepancy between this study and previous work could be caused by a combination of factors. First, RNA-seq has a marked increased dynamic range compared with microarrays (Nagalakshmi et al. 2008) . Other factors inherent to microarray technology used by Renaut et al. (2009) and Renaut and Bernatchez (2011) include probe absence on the microarray itself or divergence with the studied species, loop design, and multiple comparisons (Kerr and Churchill 2001) . Very few studies, if any in nonmodel species, have made comparisons of both methods with similar samples, making it difficult to definitely conclude on the causes of the observed discrepancy. Nevertheless, our work suggests a significantly increased power of RNA-sequencing in detecting specific differentially expressed genes compared with microarrays in nonmodel species. While common garden experiments have previously shown that phenotypic divergence is partially genetically determined in lake whitefish adults (Rogers et al. 2002) , our results now illustrate that genetic divergence also has a transcriptional impact very early in ontogeny. GO analysis among differentially expressed transcripts revealed that skeletal muscle development genes were enriched between dwarf and normal embryos. This result is consistent with previous transcriptomic studies on adult white muscle (Derome et al. 2006; St-Cyr et al. 2008; Jeukens et al. 2010) , phenotypic differences in adult size, and growth rate in dwarf and normal whitefish . A new candidate physiological process potentially involved in phenotypic divergence between dwarf and normal embryos was also identified, namely cardiac development. This is of particular interest, as Trudel et al. (2001) found that dwarf whitefish have lower food conversion efficiency than normal whitefish, suggesting a higher dwarf metabolic rate. As cardiac output is tightly linked to metabolic demand in fishes, cardiac physiological changes are thus expected in lake whitefish (Farrell and Jones 1992) . Along these lines, previous work has shown a trend toward increased ventricle size in dwarf compared with normal lake whitefish (Evans et al. 2013) . Our finding that genes associated with cardiac development are differentially expressed between dwarf and normal embryos thus suggests that changes in heart development may contribute to metabolic divergence.
Alternatively, gene expression differences observed between dwarf and normal embryos could be the result of different stages of development or tissue compositions rather than being due to genetic differences. However, the number of genes that were differentially expressed between pure dwarf and normal whitefish is larger (n = 1,166) than the total number of genes that have been reported to differ in expression across "all" major embryonic developmental stages in zebrafish (n = 732, Mathavan et al. 2005) . While the results on zebrafish and ours cannot be directly compared as they were obtained with different methods, they certainly provide an indication that most of the genes differentially expressed between dwarf and normal embryos are indeed the result of genetic differences rather than different stage of development. In addition, the fact that embryos of both forms used in this study corresponded to a well-described phenotypically developmental stage, and that genes underlying these differences are in agreement with the adaptive phenotypic divergence between these two forms again argues against the sole effect of tissue composition or development. Hence, we do not rule out a possible effect of tissue composition or development, potentially amplifying observed patterns. However, we argue that this is not the main explanation for such important gene expression divergence and misregulation.
Gene Expression in Healthy Hybrids
The hypothesis that gene expression patterns in hybrids are more similar to normal than dwarf embryos was verified, as expected based on previous observations in juveniles ). This is likely the consequence of the genetic background of backcrosses (~75% normal background) and maternal effects on gene expression in F1-hybrids, as found in hybrids of another salmonid (brook char, Salvelinus fontinalis, Bougas et al. 2010) . In backcrosses, this could also result from segregation distortion disfavoring dwarf alleles in a normal genetic background, and this phenomenon has been previously documented in lake whitefish hybrids (Rogers and Bernatchez 2006; Gagnaire et al. 2013) . Results presented here are supported by a previous study of inheritance patterns in juvenile lake whitefish (supplementary fig. S4 , , Supplementary Material online; Renaut et al. 2009 ). This study revealed primarily additive patterns of gene expression in F1-hybrids, while backcross hybrids were characterized by extensive nonadditive gene expression and considerable gene expression variance Renaut and Bernatchez 2011 ). This could result from a combination of dominance effects and disruption of coadapted alleles through recombination events, ultimately leading to gene misexpression (Landry et al. 2007 ). On the other hand, genes with large pleiotropic effects, generally assumed to be transcription factors, could also lead to extensive patterns of gene misexpression. Along those lines, previous eQTL mapping studies in whitefish have localized several mapping hotspots (up to 53 eQTL mapping to a single locus), consistent with master regulator localization Whiteley et al. 2008) . Admittedly, our study design was not suitable for direct testing of these alternative hypotheses. Considering the large number of differentially expressed genes in hybrids, multiple genetic mechanisms are likely contributing to these gene expression profiles, as observed in hybrids of another salmonid (brook char, S. fontinalis; Bougas et al. 2010 ).
Evidence for a Transcriptome-Wide Shock in Malformed Backcrosses
Hybrid incompatibilities, reflected by the disruption of gene expression pathways, can lead to increased mortality and transgressive phenotypes in recombinant backgrounds (Dobzhansky 1940; Muller 1942) . This phenomenon has been documented before in lake whitefish backcrosses through the characterization of a malformed phenotype unique to recombinant hybrids and by transcriptomic studies using microarrays Renaut and Bernatchez 2011) . It was thus hypothesized that malformed backcross hybrids would show extensive transcriptional variance and differential expression. The observations of this study have confirmed this pattern.
Given that both healthy and malformed backcross embryos come from the same mother, our results cannot be attributed to maternal effects specific to malformed embryos. In addition, the same malformed phenotype was observed in two completely independent backcrosses, although in variable proportions (normal female X F1-hybrid male, dwarf female X F1-hybrid male, Dion-Côté A-M, unpublished data). The PCA showed a unique transcriptional profile in malformed backcrosses and high heterogeneity among different pools of embryos ( fig. 3 ). Differential expression with pure parental crosses also revealed extensive transcriptional deregulation in these embryos. In addition, overexpressed transcripts in malformed backcrosses were enriched in biological processes associated with stress and inflammatory responses, protein synthesis, and lipid metabolism, consistent with a genomic shock response (supplementary table S1, Supplementary Material online). We also observed that genes in core metabolic pathways were downregulated in these malformed backcrosses, complementing previous observation of downregulation of essential developmental genes (Renaut and Bernatchez 2011) . Finally, the majority of the transcripts analyzed (n = 799 out of 1,166, 68.5%) showed a nonadditive level of expression in malformed backcrosses ( j d/a ratio j > 1.5, supplementary fig. S4 , Supplementary Material online). Altogether, these results provide new insights into the malformed phenotype observed in backcrosses by showing that the genomic shock involves a displacement of cellular activity from basal metabolism to stress response. In summary, our results are in line with genome-wide transcriptional BDM incompatibilities but could alternatively result from a few major regulatory genes impacting the whole genome (Landry et al. 2007; Maheshwari and Barbash 2011) . However, as discussed earlier, it appears more likely that multiple intertwined genetic mechanisms generate these complex transcriptional patterns, including transposable elements reactivation, as discussed later.
An alternative explanation could be that the transcriptome-wide deregulation in malformed backcrosses results from different stages of development or tissue composition. Again, we do not rule out the possible contribution of these factors; however, we argue that they are not the main explanation for the observed pattern of transcriptome-wide deregulation. The total number of genes found to be differentially expressed across all major embryonic developmental stages in zebrafish (n = 732, Mathavan et al. 2005 ) is one order of magnitude lower than observed here (n = 13,217 to n = 15,815). In addition, a previous study found evidence of transcriptional deregulation, including transposable element reactivation, in individually dissected tissues from adult backcrosses . Moreover, we found evidence of increased variance and elevated transgressivity in malformed backcrosses as compared with other groups, consistent with genetic incompatibilities. For all these reasons, we believe that the magnitude of the changes observed, in terms of number of transcripts differentially expressed and the fold change involved, cannot be explained solely by differential tissue distribution or sampling stage.
Transposable Elements and Noncoding Transcripts Reactivation in Hybrids
A preliminary study in lake whitefish has presented evidence that transposable elements were reactivated in adult backcrosses . These elements must be tightly regulated in order to prevent their mobilization, which can lead to several deleterious effects such as chromosomal rearrangements (Lönnig and Saedler 2002) , epigenetic alterations (Slotkin and Martienssen 2007) , and the generation of DNA damage and apoptosis (Belgnaoui et al. 2006; Khurana et al. 2011) . Transposable element regulation is achieved typically through cytosine methylation mediated by DNA methyltransferases (DNMT) and by RNA-based mechanisms, mainly by PIWI protein and PIWI-interacting RNA (piRNA) in the gonads, leading to their stable repression in the progeny (Slotkin and Martienssen 2007) . Our results clearly show that transposable elements and noncoding transcripts are reactivated in malformed embryos, often by a factor of 10 or more, and as much as 232-fold. More than 6,000 noncoding transcripts are differentially expressed in all comparisons, with over 62% of these being overexpressed; such differences are very unlikely to be the mere result of different tissue composition, as discussed earlier. Moreover, the reactivation of transposable elements is expected to lead to gene deregulation because they can influence epigenetic marks in their genetic neighborhood (Slotkin and Martienssen 2007) . We believe that transposable elements could be a key component of postzygotic isolation mechanisms in the lake whitefish system given that 1) around 14,000 transcripts are differentially expressed in malformed backcrosses, regardless of the comparison, 2) among these, more than 8,000 transcripts are commonly differentially expressed in all comparisons, 3) many transposable elements are reactivated by over 10-fold, including one by as much as 232-fold, and finally 4) a very strict cut-off was used to identify these (FC > 2, FDR 0.01). Hence, we propose that transposable elements represent very strong alternative candidates, in addition to genes involved in classical BDM incompatibilities, to explain the genome-wide gene expression disruption (Whitelaw and Martin 2001) in malformed hybrids.
Reactivation of transposable elements in malformed backcrosses has been observed previously in other interspecific crosses (Michalak 2009 ), but to our knowledge, this has not been demonstrated in such young vertebrate species (~12,000 years). We have shown here that many superfamilies of transposable elements were reactivated in malformed hybrids. Similar to the P-element system in D. melanogaster, this could suggest that a given lineage possesses a transposable element for which the other lineage is naive, leading to piRNA pathway shutdown and consequent reactivation of multiple superfamilies of transposable elements (Khurana et al. 2011) . On the other hand, our results also support those obtained for Drosophila interspecific crosses where transposable element reactivation was shown to result from piRNA pathway protein divergence (Kelleher et al. 2012) . Unfortunately, at this stage of our research program, it is impossible to distinguish between these two hypotheses. Interestingly, the DNA methyltransferase DNMT1, partly responsible for repression of repetitive elements, including transposable elements, through DNA methylation (Jones 2012) , was downregulated in malformed backcrosses. DNMT1 underexpression may therefore also contribute to transposable elements and noncoding transcripts reactivation. Altogether, our data argue for a severe genomic shock between recently diverged normal and dwarf whitefish resulting from a combination of divergence in regulatory mechanisms, in addition to a role for transposable elements and noncoding transcripts reactivation in hybrids.
Multiple Factors Contributing to Speciation in Lake Whitefish
The present work adds to a long-term research program that has highlighted multiple pre-and postzygotic barriers between dwarf and normal whitefish, some of which can be indirectly linked to the short period of geographic isolation . Postzygotic barriers include incoherent hatching time in hybrids (Rogers and Bernatchez 2006) , decreased sperm performance in backcrosses (Whiteley et al. 2009 ), genome-wide segregation distortion (Rogers and Bernatchez 2006; Gagnaire et al. 2013) , and increased hybrid mortality throughout development (Lu and Bernatchez 1998; Rogers and Bernatchez 2006; Renaut and Bernatchez 2011) . Here, major gene expression disruption previously documented in hybrids was confirmed (Renaut and Bernatchez 2011) , and new insights regarding core metabolic pathways downregulation and transposable element reactivation in hybrids were provided. These transcriptional mechanisms appear to be related to a malformed phenotype and premature death in hybrid embryos.
Despite their young evolutionary age, dwarf and normal whitefish are at an advanced (albeit incomplete) stage along the speciation continuum, most likely because multiple mechanisms are acting synergistically to maintain and promote their divergence. This is consistent with the multifarious hypothesis advanced by Nosil et al. (2009) , suggesting that speciation is likely to proceed faster and further where selection is acting on multiple traits. As argued by us and others, 60,000 years of allopatry (~15,000-20,000 generations), followed by secondary contact and ecological divergencẽ 12,000 years ago (~3,000-4,000 generations) have generated sufficient genomic divergence between normal and dwarf whitefish to lead to one of the most complete speciation event involving young sympatric species pairs of North temperate freshwater fishes (Hendry 2009; Bernatchez et al. 2010) .
Other systems provide compelling evidences that multiple barriers can act synergistically to promote speciation. Studies on the walking stick Timema cristinae have revealed that both geographical and ecological components are likely to have played a role (Nosil 2007) . Nevertheless, speciation is less advanced in Timema as compared with dwarf and normal whitefish, as suggested by a lack of evidence for hybrid inviability, despite longer divergence time (~1-2 My vs. 60,000 years; Nosil 2007) . Likewise, many reproductive barriers have also been documented in the Ficedula flycatcher system, including strong intrinsic postzygotic barriers, despite little ecological divergence (Saetre and Saether 2010) . Similarly to the lake whitefish, Ficedula flycatchers have experienced allopatric isolation during the Pleistocene glaciation (~1.5-2 Ma), followed by secondary contact in central Europe. As portrayed by the Ficedula, Timema, and lake whitefish systems, mixed geographic modes of divergence tend to accelerate the divergence process (Nosil 2012) . Where multiple factors, either adaptive or not, act synergistically, divergence is likely to be more pronounced and speciation to proceed faster (Nosil 2007) . Clearly, none of these factors should be neglected, whether ecological or nonadaptive, to realize a holistic understanding of the mechanisms underlying incipient speciation. As White (1978) stressed more than 35 years ago, "speciation is the result of the combined action and interaction of many processes, and any model that relies exclusively on a single process is bound to be simplistic."
Material and Methods
Crosses and Sampling
Protocols for crosses and rearing were described previously Renaut et al. 2009; Renaut and Bernatchez 2011) . While individuals used in the current study come from the same crosses generated during Fall 2006, biological samples are distinct and represent an older developmental stage than the one previously investigated. Briefly, pure half-sib families were created by crossing one female with five males. F1-hybrids were obtained by crossing one normal female (the same as pure normal) to five dwarf males (the same as pure dwarf). Backcrosses were made with a F1-hybrid laboratory female crossed to five normal males. Due to sexual products availability, it was impossible to do the complementary crosses. However, earlier studies have shown similar mortality and phenotypes for both types of crosses (Lu and Bernatchez 1998; Rogers and Bernatchez 2006) . Embryos were individually sampled and inspected between 62 and 69 days postfertilization (between 310 and 345 degree-days, Renaut and Bernatchez 2011) and stored in RNAlater at À20
C. This corresponds to the postphylotypic stage, where organs are well formed, heartbeat is visible, and eyes and dorsal line are pigmented. Malformed embryos showed strong deformities, with tail generally curved and no heartbeat detectable visually, as in Renaut and Bernatchez (2011) . This phenotype does not correspond to any earlier stage of development observed in normally developing embryos, while still depicting characteristics of the phylotypic stage, including eye and dorsal line pigmentation. Malformed embryos can be easily distinguished from dead ones. To confirm viability, a comparative group of malformed embryos was followed for several weeks, and continued development was observed (see Renaut and Bernatchez 2011) .
RNA Extraction, Library Preparation and Sequencing
Whole embryos were homogenized using a TissueLyser II (Qiagen, Hilden, Germany), and total RNA was extracted using the PureLink RNA Mini Kit following the manufacturer's instructions (Ambion, Life Technologies, Carlsbad, CA, USA). RNA was quantified with a NanoDrop2000 spectrophotometer (Thermo Scientific, Waltham, MA, USA), and 2 mg of total RNA was digested with 4U of DNase I (Invitrogen, Life technologies, Carlsbad, United States) for 15 min at room temperature. DNaseI was inactivated by the addition of 2.5 mM EDTA (final concentration) and incubated at 65 C for 10 min. RNA quality was assessed using the Experion RNA StdSens kit (Bio-Rad, Hercules, CA, USA). Only high-quality samples (intact rRNA and no detectable trace of gDNA) were kept for subsequent steps. RNA concentration was measured with Quant-iT RiboGreen RNA Assay Kit (Invitrogen, Life Technologies, Carlsbad, CA, USA) and RNA stored at À80
C. Each sequencing library was prepared from a pool of 400 ng of total RNA from three embryos, for a total of 1,200 ng. Five libraries were prepared for each group (normal, F1-hybrid, healthy backcross, and malformed backcross), except dwarf (n = 4, due to sample limitation). Libraries were individually tagged using the TruSeq RNA sample preparation kit V2 (Illumina, San Diego, CA, USA) following the manufacturer's instructions with one minor modification. Briefly, RNA was eluted, fragmented, and primed at 94 C for 2 min in order to get the appropriate size range (300-700 bases). Library size and concentration were evaluated using the Experion RNA HighSens kit (Bio-Rad, Hercules, CA, USA). Sequencing was performed on the Illumina HiSeq 2000 platform for 100 cycles with paired-ends (6 libraries per lane for a total of 4 lanes), at the McGill University and Genome Quebec Innovation Centre, Montreal, Canada.
De Novo Assembly and Annotation
Tags and adaptor sequences were removed (Genome Quebec Innovation Centre) and reads were trimmed with a quality threshold of 2% error rate per base using CLC genomics workbench (CLCbio, Aarhus, Denmark). The first assembly was done with cleaned reads of ! 90 bp and comprising no more than one ambiguous base (1N) using ABySS 1.3.3 (Simpson et al. 2009) , one library at a time, with k-mer sizes of 34, 44, 54, and 64 bp (abyss-pe q = 10 e = 5 c = 5 s = 200 d = 50 j = 4). Scaffolds were removed as they represented less than 1% of the contigs. Contigs >80 bp were kept and segmented in 100 and 200 bases fragments with 75% overlap. Fragmented contigs from all the libraries were then combined into a single file and contigs <80 bp were again removed. All contigs were reassembled with kmer sizes of 34, 44, 54, and 64 bases. To reduce redundancy, contigs of !200 bases and k-mer coverage !500Â were kept and reassembled together (70% overlap, 98% identity) using CLC Genomics Workbench. Contigs of <200 bases but with k-mer coverage !1,000Â were also kept for subsequent analysis of repetitive elements.
Transposable elements were annotated using TBlastX against the Repbase database (Jurka et al. 2005) . Then, BlastX was used against 1) Swissprot (http://www.uniprot. org, last accessed April 11, 2012), 2) Ensembl database for Danio rerio (Danio Zv9), 3) the combined Ensembl databases for Gasterosteus (BROADS1), Oryzias (HdrR), Takifugu (FUGU 4.0), and Tetraodon (TETRAODON 8.0) (http://www. ensembl.org, last accessed April 11, 2012), and finally 4) nr (http://www.ncbi.nlm.nih.gov, updated May 23, 2012). The best Blast result with a minimal e-value = 10 À6 was kept for each contig ( fig. 1) . Finally, the function getorf from the EMBOSS package was used in order to detect ORFs (Rice et al. 2000) . The longest ORF of !300 bp for each contig was kept for subsequent analysis.
Read Mapping and Differential Expression Analysis
Burrows-Wheeler Aligner (BWA, v0.6.2-r126) was used to map reads back to assembled contigs (Li and Durbin 2009) . Default parameters were used with the following exceptions: -n 3 (maximum edit distance), -e 3 (maximum number of gap extensions), -l 16 (seed size), -R 30 (number of equally best hits to proceed to suboptimal alignment).
For differential expression analyses, edgeR (Robinson et al. 2010) , an R Bioconductor package (http://www.bioconductor.org/, last accessed February 22, 2014), was used. Library sizes were normalized and only contigs for which we had !1 count per million reads in at least three samples were kept, leaving 75,431 contigs to be analyzed for differential expression out of 79,047 that were assembled (95.4%, 74,273 contigs !200 bp and 1,158 contigs <200 bp repetitive elements). This is because weakly expressed genes are more susceptible to be called as differentially expressed (Nagalakshmi et al. 2008) . All groups were compared with each other in a pairwise manner, and differentially expressed contigs were determined with a strict FDR <0.01 and FC >2. GO enrichment was performed using Blast2GO with the default parameters (Conesa et al. 2005) . In order to ascertain computed FC by edgeR, we compared them with the results of DEGseq (Wang et al. 2010) . Fragments per thousand base pairs values were used to calculate FC with DEGseq using the samwrapper function (Tusher et al. 2001) . Pearson correlation coefficient was >0.95 between FC computed with edgeR and DEGseq for all comparisons (data not shown).
Supplementary Material
Supplementary methods, figures S1-S10, and table S1 are available at Molecular Biology and Evolution online (http://www.mbe.oxfordjournals.org/).
